The minimum particle size for cavity nucleation was experimentally investigated for superplastic 2124Al and 6061Al composites reinforced with 20 vol% Si 3 N 4 particles. From the minimum particle size for cavity nucleation, the critical stress at the interface for cavity nucleation was estimated to be about 5 MPa. The local stresses at the interface for the particles of average size where large elongation above 200% is attained in a temperature range below the partial melting temperature are lower than the critical stress. It may be therefore suggested that large elongation is attained without the accommodation helper process of liquid under the conditions that the local stress at the interface is lower than the critical stress at the interface for cavity nucleation.
Introduction
Cavitation occurs during superplastic flow mostly in tension. Significant development of cavities not only reduces the total elongation, but also deteriorates some of the postdeformation mechanical properties. Therefore, it is important to understand cavity characteristics in superplastic materials.
Recently, it was reported that cavitation is limited by the presence of a small volume of liquid because the liquid can serve to relax the stress concentration caused by grain boundary sliding, and hence large elongation is attained in a temperature range slightly above the partial melting temperature for superplastic aluminum matrix composites. [1] [2] [3] [4] [5] [6] [7] However, if cavitation is limited in a temperature range below the partial melting temperature, large elongation can be attained without the accommodation helper process by liquid. 3, 4) Actually, a large elongation of 221% was attained at 773 K which was below the partial melting temperature of 821 K for Si 3 N 4p /AlMg composites.
3) Kim et al. 8) showed that the stress is one of the important parameters which determines elongation for superplastic ceramics. According to their result, the elongation increases with decreasing stress because crack formation at grain boundaries depends on the stress. For metal matrix composites, similarly, cavity formation at the interface may depend on the stress. For example, when the local stress at the interface is lower than the critical stress, it may be considered that cavity formation at the interface is limited.
The purpose of the present study is to estimate the critical stress at the interface for cavity nucleation from the minimum particle size for cavity nucleation for 20 vol% Si 3 N 4p /2124Al and 20 vol% Si 3 N 4p /6061Al composites. Furthermore, the relationship between the critical stress and the local stress at the interface is investigated for the superplastic aluminum matrix composites reinforced with Si 3 N 4 particles.
Experimental Procedures
A superplastic 2124Al composite reinforced with 20 vol% Si 3 N 4 particles (2124Al composite) and a superplastic 6061Al composite reinforced with 20 vol% Si 3 N 4p particles (6061Al composite) were prepared. The grain sizes were about 1.5 and 2.4 µm for the 2124Al composite and the 6061Al composite, respectively. Fabrication process for these composites was similar to that in the previous papers. [2] [3] [4] [5] [6] [7] Microstructures of the composites are shown in Fig. 1 . The particle sizes were 0-2.4 µm for the 2124Al composite and 0-25 µm for the 6061Al composite, respectively. Thus, there was large difference in particle size between the 2124Al composite and the 6061Al composite. The partial melting temperatures were 782 K for the 2124Al composite and 828 K for the 6061Al composite, respectively, from the DSC measurements.
Tensile specimens had a gauge length of 5 mm and a gauge diameter of 2.5 mm. Constant true stress tests were conducted at 723 K with 32 MPa and 773 K with 12 MPa for the 2124Al composite and at 823 K with 8 MPa for the 6061Al composite, respectively. These testing conditions were in a range where the strain rate sensitivity was about 0.5. The specimens were hold for 1.8 ks to equilibrate the test temperature prior to initiation of straining. A three-zone furnace was used in which the temperature was monitored and maintained constant to within ±1 K. A tensile axis was selected to be parallel to the extrusion direction.
Metallographic observation for cavity formation in the deformed specimens was conducted by scanning electron microscopy (SEM). Quantitative metallographic measurements were performed to investigate the size distributions of particles where cavities were nucleated. 
Results and Discussion
Typical cavities formed during deformation are shown in Fig. 2 , where the tensile axis is horizontal. In Fig. 2 , the cavities are marked by arrows. It can be seen that cavities are formed at the matrix/reinforcement interfaces; this trend is the same as the results obtained in the previous literatures. [9] [10] [11] [12] [13] [14] [15] It may be suggested that the stress concentrations occur at the matrix/reinforcement interfaces during superplastic deformation. It is of interest to note that some particles behave as the sites for cavity nucleation, but others are not the sites for cavity nucleation.
The sizes of the particles where cavities were nucleated were quantitatively investigated. The investigated conditions for size distributions of particles for cavity nucleation are listed in Table 1 . The size distribution of particles for cavity nucleation is shown in Fig. 3 , where N is the number of particles where cavities are nucleated per unit area and N total is the total number of particles per unit area. The results in Fig. 3 revealed that when the particle size was less than a certain value, no cavities were formed at the particles. The minimum size of particles where cavities were formed was 0.78 and 0.66 µm at 723 and 773 K for the 2124Al composite and 0.59 µm at 823 K for the 6061Al composite, respectively. It is of interest to note that the minimum particle sizes for cavity nucleation for the 2124Al composite are very close to that for the 6061Al composite though there is large difference in particle size distribution between the composites as described in the previous section.
The critical stress at the interface for cavity nucleation can be estimated from the minimum particle size. The local stress Fig. 3 The size distribution of particles for cavity nucleation, where N is the number of particles where cavities are nucleated per unit area and N total is the total number of particles per unit area.
at the interface is given by 16) 
where σ i is the local tensile stress at the interface, k is the Boltzmann constant, T is the absolute temperature, d p is the particle size,ε is the strain rate, d is the grain size, V f is the volume fraction of particles, Ω is the atomic volume, D L is the lattice diffusion coefficient, D GB is the grain boundary diffusion coefficient and δ is the grain boundary width. The critical stresses at the interface for cavity nucleation are estimated Fig. 4 The relationship between the critical stress at the interface for cavity nucleation and the local stress at the interface for five kinds of superplastic aluminum matrix composites reinforced with Si 3 N 4 particles.
to be 5.53 and 3.79 MPa at 723 and 773 K for the 2124Al composite and 5.87 MPa at 823 K for the 6061Al composite, respectively, by substituting the minimum particle size for cavity nucleation into eq.
(1). It should be noted that these values are very close with each other, in spite of difference in particle sizes, testing conditions and chemical compositions of the matrix alloy. The average value of the critical stresses at the interfaces for cavity nucleation is about 5 MPa.
The relationship between the average value of critical stress at the interface for cavity nucleation and the local stresses at the interfaces for the particles of average size is shown in Fig. 4 for five kinds of superplastic aluminum matrix composites reinforced with Si 3 N 4 particles. The characteristics and tensile properties for five kinds of the superplastic aluminum matrix composites are listed in Table 2 . The local stress at the interface is estimated from eq. (1) with the data of the average particle size and the tensile properties. In Fig. 4 , the open symbols show the local stresses at interfaces where large elongations above 200% are obtained and the closed symbols show these where low elongations below 200% are obtained. The data for the composites are in a temperature range below the partial melting temperature. It should be noted that most of the local stresses at the interface of the open symbols are lower than the critical stress at the interface. Therefore, it may be suggested that when tensile tests are carried out under the conditions in which the local stresses at the interfaces are lower than the critical stress at the interface for cavity nucleation, large elongation can be attained without the accommodation helper process by liquid for metal matrix composites.
Conclusions
(1) The minimum particle size for cavity nucleation was experimentally investigated for the superplastic 2124Al and 6061Al composites. As a result, the minimum particle sizes for cavity nucleation were 0.78 and 0.66 µm at 723 and 773 K for the 2124Al composite and 0.59 µm at 823 K for the 6061Al composite, respectively.
(2) The critical stresses at the interface for cavity nucleation were estimated to be 5.53 and 3.79 MPa at 723 and 773 K for the 2124Al composite and 5.87 MPa at 823 K for the 6061Al composite, respectively. The average value of the critical stresses at the interface for cavity nucleation was about 5 MPa.
(3) The local stresses at the interface where large elongation above 200% is attained in a temperature range below the partial melting temperature are lower than the critical stress at the interface. Therefore, it may be suggested that large elongation can be attained without the accommodation helper process of liquid at the conditions where the local stress under the interface is lower than the critical stress at the interface for cavity nucleation.
